. (Air Products and Washington University in St. Louis)
Technique Development 0
The precision of the CAFWT technique was improved by using wavelet filtering. Wavelet filtering allows identification of the characteristic noise of the measurement process and subsequent filtering of this noise. Use of this technique on a test particle reduced the error in spatial resolution by at least 33% and by as much as 90% in some cases. The error in velocity measurement was reduced by at least 70%. In bubblecolumn measurements, errors in measurement of important hydrodynamic parameters such as Reynold's stresses and turbulent kinetic energy were significantly reduced by the use of filtering.
(Washington University in St. Louis)
The high-temperature, high-pressure bubble column'was tested. Pressures as high as 3000 psi were reached, and the capability of using solids and varying liquid velocity was demonstrated. Some misting after the pressure regulator must still be controlled, and flow rate is still limited by gas supply.
(The Ohio State University)
Data Acquisition
Fundamental physical property data for two-and three-phase systems are not well understood, but are vital to understanding the fluid mechanics of such systems. Thus, a program of measuring properties such as interfacial tension and density has been undertaken. Interfacial tension of N2/l?arathem NF was measured for pressures ranging from atmospheric to 3000 psig and temperatures of 27 and 56.5"C. Surface tension in the organic system shows the same decreasing trend with increasing pressure as do water/nitrogen systems.
(The Ohio State University) 0
The study of two-dimensional flow sometimes simplifies flow problems and leads to a more rapid understanding of the actual 3-D case. Thus, 2-D bubble columns were studied under a variety of flow rates using Particle Image Velocimetry (PIV). The PIV results revealed complicated flow structures that depend on gas velocity. A homogeneous flow regime, a regime containing four regions of flow, and a regime containing three regions of flow were seen as the velocity increased.
Model Development 0
A new phenomenological model for liquid flow has been proposed. The Recycle-Crossmixing with Dispersion Model (RCFDM) augments the standard axial dispersion model (ADM) to allow for mixing at the top and bottom of the column and upflow and downflow regions in the column. The ADM alone cannot account for the tracer results seen at LaF'orte and in the laboratory. The RCFDM structure is such that it can account for the tracer results. The RCFDM fits the tracer patterns measured in the laboratory using independent CARPT measurements to fit parameters.
Work on finding suitable closures for the Navier-Stokes equations for two-and threephase flow continued. The major problem is finding suitable expressions for the interfacial momentum' exchange terms. Qualitative agreement for two-dimensional bubble columns is demonstrated using only a few terms--drag, virtual mass and mixing length for the Reynold's stresses.
Data Processing
Radioactive tracer data from the hydrodynamics trial were received. Qualitative analysis of the data revealed that the pre-trial planning was adequate, and good profiles have been obtained. The data have been transmitted to Washington University for analysis.
(Air Products and Chemicals)
The Ohio State University Research
The following report fiom Ohio State University for the period September-December, 1995 contains the following brief chapters: January 14, 1996 Prepared for Air Products and Chemical, Inc.
WORKPERFORMED

1, Measurement of interfacial surface tension between liquid and gas
An area of high pressure and high temperature operation of slurry bubble column systems which is not fully understood is the effect of the physical property (densities, viscosity, surface tension, etc.) of the gas and liquid phases on the transport phenomena as the pressure and temperature increase. It may be possible to characterize the transport phenomena of slurry bubble column systems operated at high pressure and high temperature based on the physical properties of the phases rather than the operating pressure and temperature.
Slowinski et al. (1957) and Massoudi and King (1974) studied the pressure effects on the interfacial surface tension between the gas and liquid. Their results showed that the interfacial surface tension decreases approximately linearly with increasing gas pressure. The extent of reduction in the interfacial surface tension with pressure varies with the type of gas. The change in surface tension with pressure and temperature also depends on the liquid molecular structure and its molecular weight. The surface tension of aliquid in equilibrium with its own vapor decreases with increasing temperature in a low pressure system. Under high pressure conditions, the surface tension tends to increase with increasing temperature for some liquid mixtures (Reid et al., 1977) . Due to the important role surface tension plays in the dynamic behavior of the bubble motion, it is necessary to determine how the surface tension of various gas and liquid mixtures changes with pressure and temperature.
A capillary probe developed last quarter was used to measure the interfacial surface tension between Paratherm NF heat transfer fluid and nitrogen. The detailed design of the system was described in the first quarterly report. The schematic diagram of the system is shown in Fig. 1 
Bubble effects on the transientflow pattern in bubble columns
The experiment on transient flow structure in a two-dimensional bubble column under ambient conditions was carried out this quarter. The experiments focused on the identification of the transient flow structure, and the relationship between the flow regimes (time-averaged macroscopic behavior) and the transient flow structure.
Two-dimensional systems were employed to yield important qualitative information in gasliquid systems. Figure 3 shows the schematic diagram of the experimental system. Two 2-D columns made of transparent Plexiglass sheets have been used as the test columns. Column A is 48.3 cm in width, 1.27 cm in depth and 160 cm in height and consists of two movable partitions between the Plexiglass sheets which allow the width of the bed to be varied. The viewing section of Column B is 60.96 cm in width, 228.6 cm in height, and 0.64 cm in depth. Below the viewing section is the gas distributor which consists of 0.016 cm I.D. tube injectors, flush mounted on the column wall, 10 cm above the liquid inlet. The gas' through each injector is individually regulated by a solenoid valve and a needle valve which are connected to the plenum compartment outside the column. The distance between two adjacent bubble injectors is 5.08 cm and the distance fiom the end injector to the sidewall is 3.81 cm. When the width of Column A is changed, there is no liquid and gas flow through the region outside the partitions.
Tap water was used as the liquid phase. The liquid phase was operated under batch conditions for all studies. Neutrally buoyant Pliolite particles of 200-500 pm were used as the liquid tracer. To ensure that the seeding particles follow the flow closely and have virtually no effects on the flow structure, the concentration of the seeding particles was maintained around 0.1 % and the Stokes number of the seeding particles was much smaller than 1. Air was used as the gas phase. The gas pressure was maintained within 4 to 10 psig upstream of the gas plenum. The superficial gas velocity ranges from 0.1 to 6.1 c d s . Acetate particles (4 = 1.5 mm, ps = 1250 6 kg/m3) were used as the solids phase in the study of slurry bubble column systems.
A high resolution (800 X 490 pixel) CCD camera equipped with variable electronic shutter ranging from 1/60 to 1/8000 s was used to record the image of the flow field. A Particle Image Velocimetry (PIV) system developed by Chen and Fan (1992) The liquid flow is dominated by the wake effects from the large bubbles rising in the central part of the column. The vortical flow region and descending flow regions are still observable. It is noted that in a column of very small width, this flow commonly leads to the slugging condition.
High pressure and temperature slurry column shakedown
A test run of the high pressure and temperature bubble column was completed this quarter.
It has been verified that the system can be operated at pressures up to 3000 psig. The liquid velocity can be varied from 0 to 10 c d s at room temperature. Very high gas velocities can be achieved depending on the gas cylinder's capacity and the duration of each test. It was found that gas-liquid separation does work well. In this system, a single stage pressure regulator is used to release the pressure from system pressure (up to 3000 psig) to the atmospheric pressure. The liquid is atomized into fine droplets when it passes through the regulator. It is difficult to separate these fine droplets in the exhaust reservoir.' We are still searching for solutions to this problem.
A test run of the system with addition of solids particles was also completed. It has been verified that the system can be operated in a wide range of liquid velocity for completely particle suspension. Liquid-particle separation is achieved in the disengagement section.
WORK TO BE PERFORMED NEXT QUARTER
1.
Experiments on transient flow structure in 2-D bubble column will be emphasized on the column scale effects.
Measurements of interfacial surface tension will be continued next quarter in a system with CO,. Measurements of liquid viscosity under high pressure and temperature will be started.
2.
Sl.owinski, E.R., E.E. Gates and C.E. Waring, 1957, "The effect of pressure on the surface tensions of liquids", J. Phys. Chem., 61, 808-810. Tzeng, J.-W., R.C. Chen, and L . 4 . Fan, 1993, "Visualization of Flow Characteristics in a 2-D Bubble Column and Three-phase Fluidized Bed," AIChE J., 39, 733.
Walter, J.F., and H. W. Blanch, 1983, "Liquid Circulation Patters and Their Effect on Gas Hold-Up and Axial Mixing in Bubble Columns," Chem. Eng. Commun., 19, 243 . 
Washington University in St. Louis Research
The following report fiom Washington University for the period September-December 1995 contains the following brief chapters: at Washington University is to study the fluid dynamics of slurry bubble columns and address issues related to scale-up. Experimental investigations to examine the effect of operating conditions such as superficial gas velocity, solids loading, type of distributor etc. on the fluid dynamics are to be made. The specific objectives that have been set out for the f i r s t year o f the project are as follows :
1. Assess the suitability of available experimental techniques for the measurement of global and some local hydrodynamic parameters in an industrial scale system and make recommendations for the use of these techniques at La Porte.
2. Interpret the existing tracer experiments and make recommendations for future tracer tests on La Porte reactor.
3.
Modify the CARPT/CT experimental facility for study of slurry bubble columns.
Develop a phenomenological model for the key hydrodynamic features in bubble columns
as a basis for an improved reactor model.
5.
Introduce appropriate closure schemes and constitutive forms in the hydrodynamic codes t o achieve agreements between data and models and test model reliability.
The activities that have been undertaken during the third quarter (September -December 1995) towards fulfilling the above mentioned objectives are described in the subsequent sections.
Review of Measurement Methods
This study has been completed and a summary of findings has been reported in the second quarterly report. A topical report on the subject entitled "Measurement Techniques for Local and Global Hydrodynamic Quantities in Two and Three Phase Systems", has been submitted to Air Products.
Interpretation of Tracer Runs at La Porte
The reactor that was studied was the Alternative Fuels Development Unit (AFDU) at La Porte, Texas, which is a stainless steel bubble column reactor owned by D.O.E., with an internal diameter of 0.57 m and liquid height of 7.62 m. The slurry phase was powdered catalyst suspended in hydrocarbon oil. Gas was distributed via a sparger. For the cases considered thus far, the reactor temperature was 300" C, and pressure was 2.7 atm. The reaction was the dehydration of isobutanol to isobutylene and water. Due to complete conversion, the gas holdup was found to be almost doubled in the reactor. Radioactive liquid and gas tracer measurements were made in the reactor. Ar-41, which is soluble in the liquid phase, was used as the gas phase tracer. Powdered manganese oxide was used as the liquid tracer since the particles were small enough to mimic the liquid flow. The distribution of the gas and liquid tracers in the column was monitored by four rings of four evenly distributed scintillation detectors, with an extra set of detectors at two other levels to monitor the gas distribution.
Since the tracers are radioactive, the signals measured by the scintillation detectors are affected by the solid angle subtended at the cylindrical detector, the distance between the radiation source and the detector, and other effects such as attenuation and buildup. These effects have been properly accounted for, the details for which are presented in Toseland et al., (1995) . The normalized tracer curve that is finally obtained is taken to be linearly dependent on the tracer concentration. , The standard dispersion model was used to describe mixing in the liquid phase. For the gas phase, a dispersion model which included the solubility of Argon tracer was considered. The following equations describe the gas and liquid mass balance for the tracer when interphase mass transfer resistance is also considered:
The following boundary and initial conditions were used :
It was assumed that the detector response is proportional to E L C L ( Z ,~) + E&'G(z,~).
More details of the model and the results are discussed in Toseland et. al. (1995) .
It was concluded that the liquid in the bubble column reactor was well mixed. However, the axial dispersion model is not completely satisfactory for interpreting the gas phase tracer runs. Very high backmixing of the gas is indicated, but no conclusions can be reached regarding the flow pattern of the undissolved gas. However, subsequent to this analysis, it was found that the detector levels reported by IC1 Tracerco were erroneous. In view of the corrections made, we are now in the process of reinterpreting the data using the existing dispersion model. In addition to this, owing to the complex behavior observed in the bubble column reactor, and the asymmetric position of tracer injection points, it is proposed to use an alternative model, the Recycle with Cross-Flow and Dispersion (RCFD) model, that might be better suited to describing liquid mixing in the reactor. Details of this model are presented in a subsequent section. Work is also in progress on developing an alternative phenomenological model for gas tracer experiments.
Modification of CARPT-CT System for Slurry Bubble Column Studies
The planned studies of fluid dynamics in bubble columns required the following modifications in our CARPT-CT facility : (i) Improvement of the accuracy of the CARPT technique in identifying radioactive particle position and velocity using wavelet filtering. This was accomplished under the parallel DOE industry-university project "Novel Techniques for Slurry Bubble Column Hydrodynamics DEFG 22-95PC95212. Only the results pertinent to the execution of this contract are reported here.
(ii) Installation of pressure taps and pressure transducers dong the column in order to measure sectional pressure drops and dynamic pressure drop changes during the gasdisengagement method used for evaluation of bubble sizes.
(iii) Purchase and installation of a video camera for detection of the liquid level in the dynamic gas disengagement technique. This allows us to determine the modality of the bubble size distribution at various flow conditions.
(iv) Improved automatic calibration for CARPT is progressing in parallel as part of (v) The possibilities of obtaining both liquid and solid velocities via CARPT are currently being studied as part of this program. If it proves feasible this will provide us with the needed information on solid-liquid slip velocities.
Below we will briefly describe the improved accuracy of CARPT obtained by wavelet filtering which is pertinent to this project. The wavelet filtering technique removes the intrinsic white noise (due to fluctuation in source emission) in the time versus instantaneous position data.
The statistical nature of the gamma radiation emitted from the particle gives rise to noise in the radiation intensity data and this gets transmitted to the position data. Wavelet analysis, a time-frequency based method, was identified as an appropriate method for analyzing the nonstationary and localized data arising from CARPT experiments in multiphase systems.
To demonstrate its suitability in this regard, an experiment was conducted with a controlled motion of the radioactive tracer particle. This enabled a priori knowledge of the trajectory of the particle and provides a reference against which the results from CARPT experiments subject to wavelet packet filtering can be compared. A quantitative estimate of the errors involved in the estimation of the particle position, as well as the extent to which the intrinsic noise in the data is removed can therefore be arrived at: Thereafter the technique was applied to data from bubble column experiments.
DEFG 22-95PC95212.
Algorithm for filtering CARPT data using wavelet analysis
A brief outline of the algorithm used in the filtering procedure will be described here. For the sake of simplicity the mathematical details will be omitted. Wavelet packet decomposition using Daubechies' orthonormal, nearly symmetric wavelets is employed for analysis.
The algorithm consists of first transforming a set of data onto the wavelet packet domain, yielding a set of wavelet packet coefficients that contain the time-frequency (scale) content of the original data. The best basis representation of the coefficients is then obtained, by eliminating redundant coefficients. In the wavelet packet domain the coherent structures of the original signal are well represented by a few large coefficients while the incoherent part, that is basically the noise in the signal, is in the form of a large number of small coefficients. The wavelet packet coefficients (wpc) are therefore arranged in descending order of energy (energy Ewpc = u p 2 ) . The first few significant coefficients correspond to the coherent part of the signal while the remaining weak coefficients depict the noise. The coherent part is extracted by retaining the first few largest wavelet packet coefficients that possess an energy (E, = EES = &wpc2) equivalent to a fraction e of the total signal energy (Es = zzl wpc2). These coefficients are then re-ordered and reconstructed to yield the filtered signal. The weak coefficients (incoherent part) that remain are re-ordered and reconstructed to give the noise filtered. The tuning parameter in this algorithm is the energy threshold E . This parameter is evaluated by conducting trial runs for a few data sets in the signal. Characteristics of white noise, such as the autocorrelation coefficient, are used as reference to select a proper threshold. Experiments show that the energy threshold is generally around 95 -98% of the total signal energy. It is found that the results are insensitive to minor variations in the threshold value. Filtering using the above algorithm ensures maximum extent of reduction of the noise in the data, resulting in a smoother version of the signal and retains the sharp features arising from the na.ture of the flow in the system.
In order to verify the applicability and effectiveness of the algorithm for filtering noise from the data, the algorithm was tested with data produced from experiments for a controlled motion of the tracer particle.
Experimental setup
The experimental setup principally consists of two motors, a screw conveyor and a plate as shown in Figure 4 .1. Motor I is secured at the bottom of the structure and is geared to a screw conveyor that is positioned vertically. The screw conveyor supports a vertical frame on top of which the plate is mounted. The shaft of motor 11, which is fixed to the top of the plate, is connected to a smooth, circular disc. The radioactive particle to be tracked is fixed to the tip of a thin Plexiglas rod attached to the disc. Operation of motor I1 causes the particle to move in a circular motion. The maximum frequency of motion is 3 Hz. The distance of the particle from the center of radius varies from 7 to 8 cm. Simultaneously motor I causes the plate held to the frame to move vertically in "up and down" motion (with frequencies of the order of 0.1 Hz). The maximum vertical distance traversed by the particle is 6.4 cm. By this arrangement the particle is made to move in a spiraling 3D motion, with high (3 Hz) and low (0.2 Hz) frequencies. The two motors are driven by microprocessors, which are interfaced with a personal computer. A trolley system with guiding wheels provided for guiding the frame helps in minimizing the vibration of the setup. Calibration is first done using various particle positions that cover the entire range of experimental runs. Subsequently the experimental runs are performed. In each run, the speed of the two motors is varied, thereby varying the velocity of t.he particle. Eight such runs were performed. A summary of the results for the entire set of runs is presented in Figure 4 .1 : Experimental setup for controlled motion of particle the errors in position and spurious rms velocities, before and after filtering. It is evident by examining the results, that there is significant improvement in the accuracy of estimation of both the positions and velocities of the moving particle. The residual error (spurious rms velocities) after filtering the data is 2-5 cm/sec. There is an average of 75% reduction in the level of noise in the data. With regard to the magnitude of the rms fluctuating velocities of the liquid in bubble columns, which are an order of magnitude higher, the reduction in error is considered substantial.
Results for bubble column experiment
We now show results for filtering of the data from a bubble column experiment. The experimental conditions for the run considered are : column diameter 19.05 cm, superficial gas velocity 3.2 cm/sec and superficial liquid velocity 0 cm/sec. The results presented in Figures 4.3  and 4.4 show the turbulent kinetic energy and the Reynolds shear stress respectively. Here it can be seen that filtering has reduced the magnitude of these parameters. The data is . (1990) , who used hot wire anemometry for measurement of the hydrodynamics, are shown in Figure 4 .5. A good order of magnitude agreement is seen, which serves as an indirect verification of the results from CARPT for the turbulence parameters. fact that they describe mixing superimposed on unidirectional convective flow. It is well recognized however Devanathan et al., 1990 ) that in bubble columns there is both upflow of liquid (cocurrent with gas), as well as downflow of liquid (countercurrent with gas).
Further, there is vigorous lateral mixing as well, in columns operating in the churn turbulent regime. Clearly then, it is not surprising that the ADM fails in many cases in describing the liquid mixing pattern. Notwithstanding such inadequacies in the model however, it continues to be extremely popular both in academia and the industry essentially because it is computationally simple with only one fitting parameter, and also because resolving the spatial dimensions further demands measuring mixing parameters experimentally, an undesirable alternative.
At CREL, the CARPT-CT facility allows us to measure the time-averaged liquid velocity profile, the backmixing parameters and the time-averaged gas-holdup distribution in the system. It was felt that this experimental knowledge could be used to overcome the inadequacies in previous models, such as the ADM, as pointed out above.
Model development:
In the proposed model referred to as the Recycle-Crossmixing with Dispersion Model (RCFDM), the bubble column is divided axially into three sections, a middle zone and two end zones in which the liquid turns around (Fig. 5.1) . The end zones are considered to be completely mixed, because it is not possible to resolve the complicated hydrodynamics in this region using a one-dimensional model. The middle zone is divided into two sections, one with the liquid flowing up in the core region, and another with liquid flowing down at the walls. In Superimposed on the convective recirculation is the mixing caused by random turbulent fluctuating motion of the fluid elements, caused by the wakes of the rising bubbles, which give rise to axial dispersion as well as radial exchange between the two sections. Turbulent axial mixing is accounted for by an axial dispersion coefficient in each section, and radial mixing is incorporated by an exchange coefficient between section 1 and section 2.
Based on the above assumptions, the model equations may be formulated as follows.
For the upflow region:
where K is the exchange coefficient (cm2/s) between the upflow and downflow sections, D1 is the dispersion coefficient in the upflow region (section 1) based on. the liquid covered cross-sectional area, and, €1, Cl, and AI are the average liquid holdup, velocity and cross sectional area of the upflow section.
Similarly, for the downflow region: (7) The equations for the well mixed regions, A and B which are assumed to connect the ends of the recirculating sections, are, respectively:
where Fo is the inlet liquid volumetric flowrate to the column, Fl, F2, Fa and Fb are the liquid volumetric flowrates in the upflow section 1, downflow section 2, region A and region B respectively. Initial conditions for a step input of tracer at the bottom of the column are:
Boundary conditions for the upflow region are given by equations (6) and (7) and for the For the upflow section: downflow region by equations (8) and (9), as follows.
For the downflow section;
The above model requires as inputs the input function of tracer, the dimensions of the column (Table 5 .1), the average upflow and downflow liquid interstitial velocities, and the average holdups in the different sections of the column. The experimental information was obtained from the CARPT-CT facility, from which the mean liquid velocities are calculated from the cross-sectional averaging of the recirculating liquid velocity profile (CARPT) ( Fig. 5.2(a) ) and the holdup profiles (CT) ( Fig. 5.2(b) ).
The model equations were solved numerically using implicit finite differences with backward differences in spatial coordinates. Implicit method was necessary because of the nature of the boundary conditions, and appropriate discretization was required for accurate convergent results. Solution of the model equations results in the F-curve, which on differentiation yields the Ecurve.
The heights of the two well-mixed regions A and B are assumed to be equal to the diameter of the column, an assumption based on observation of churn-turbulent bubble columns. However, it was found on running the simulation that the model is insensitive to the volumes of these sections.
Results and discussion:
The objectives in developing this model were twofold: first, we wanted to develop a model which, based on the physics, would in general perform better for churn-turbulent bubble columns than existing models. Secondly, we wanted to see if given the experimental observations from CARPT-CT, whether it would be possible to predict the RTD to a reasonable extent. As a comparison of the models, the ADM, the recycle with crossmixing and the present model (RCFDM) were used to fit the experimental data ( Fig. 5.3) . The model parameters thus obtained in each case are shown in Table 5 .2. Also shown is the sum of square of errors, which is found to be minimum,in the present case.
An independent assessment of the model parameters was attempted using the experimental data from CARPT. From CARPT, an estimate of the axial dispersion coefficients can be obtained by spatial averaging of the measured axial eddy diffusivities in the upflow and downflow sections, respectively. The average value of the radial eddy diffusivity at the point of inversion is taken as the crossmixing coefficients between the two legs. The RCFDM prediction using these parameters (Table 5 .2) is shown in Fig. 5.4 . This exercise seems to predict the tracer response independent of any experiment, based on the knowledge from the hydrodynamics . Figure 5 .5 shows that changing the volumes of the inlet and exit well mixed zones has no appreciable effects on the predicted tracer response. However, including them in the model renders the computations stable and does not lead to sharp fronts at the inlet and exit.
Since the RCFDM, using parameters estimated from CARPT results, is able to match well the observed tracer response (Fig. 5.4) , we proceed to study the mixing behavior for batch liquid, in a 19 cm diameter column of expanded liquid height 65 cm, at a superficial gas velocity Us = 2cm/s. A pulse injection into the region A is simulated, using the batch version of t,he RCFDM. Figure 5 .6 shows the resulting tracer concentrations as a function of time, at different axial locations in the column. As expected from the physics of t.he problem, there are instants of offshoots in the upflow section of the column where the tracer moves up initially by convection. Although these predictions look quite realistic, they need to be confirmed by additional tracer experiments. Needless to say, ADM or any other one dimensional model cannot predict such a variation in the dynamics in different parts of the system.
Future work:
The lack of fully quantitative agreement between the RCFDM and CARPT data can be attributed to the fact that as it currently stands, the model does not consider the radial variation of liquid velocity and holdup profiles, but takes into account only the average flow in each section. Hence, the axial dispersion coefficient in each section does not directly correspond to the axial eddy diffusivities but also accounts for the contribution from the radial variation of axial liquid velocity. The relationship between CARPT measurements and the RCFDM parameters need to be further developed based on additional analysis, which is in progress. One needs to develop some independent means of predicting at least the average upflow and dowdow velocities either through theory or through simple experiments, because one cannot be expected to make CARPT runs at all industrial setups for which the use of the RCFDM is intended.
The model will be modified for predicting the tracer response of reacting systems in which gas may be evolved, causing a significant axial variation in holdup because of reaction (such as in the runs made at AFDU, La Porte, Texas). For this the equations have to be modified for predicting the response of radioactive tracer through detectors placed at the wall (since each detector spans a solid angle).
Finally, the expressions for interphase mass transfer will be incorporated into the model to incorporate the effect of soluble gas. The ultimate idea should be to develop a single physics-based phenomenological model which is able to predict the response of both gas and liquid phase tracer.
CFDLIB Codes and Simulation
The Computational Fluid Dynamics Library (CFDLIB) code was developed at Los Alamos National Laboratory (LANL) under a CRADA agreement between Amoco Oil R & D and LANL. Being a sponsor of the Chemical Reaction Engineering Laboratory (CREL), Amoco granted CREL the privileges of using the CFDLIB code. The CFDLIB codes are capable of simulating three dimensional, multiphase, multispecies flows. Possibilities for including , chemical reactions exist.
Here we report a test case for a gas-liquid flow problem that has been simulated. For this simulation the experimental conditions of Chen et. al. (1989) were considered. In their experiments the gas-liquid flow in a two dimensional bubble column was studied using flow visualization techniques. The experiment was conducted at several L/D ratios of the dispersion and in all the cases Chen et. al. (1989) observed the formation of a series of well defined counter rotating circulation cells in the flow. The geometry simulated is a two dimensional bubble column with a width of 11 cm and three of the L/D ratios used by Chen et. al. were simulated. The superficial gas velocity was 0.035 m/s. Figure 6 .1 shows the computed flow fields at one instant of time (approximately 90 seconds after start up) and it can be seen that the code is able to predict the experimentally observed circulation cells at all the three L/D ratios. The most important factor in the simulation of multiphase flow using a CFD code is in the choice of the interfacial momentum exchange terms. For this particular simulation the effects of drag, lift and virtual mass were used. The turbulence effects were modeled using the mixing length approach. The models for closure of these terms were as follows: 0 Drag is expressed as 0 Virtual mass effects are expressed by 33 0 Mixing length model is used for turbulence closure A constant bubble size was used in the simulation and the value of CD was set to 0.44 since the particle Reynolds number turns out to be in the inertial range. C,the coefficient in the virtual mass model was set to the standard value of 0.5. The mixing length scale was set to 1.5 cm and this value was arrived by trial and error based on the observed flow pat tern.
Currently, the code is being benchmarked against a wide range of multiphase flow problems for which experimental or simulated results are available in the literature. Specifically efforts are being directed towards gas-liquid flow systems (bubble columns) under operating conditions for which experimental results have been obtained using the CARPT-CT system in our laboratory. 
Introduction
As discussed in the last quarterly report1 a series of tracer studies has been carried out using the DOE AFDU at LaPorte. This section describes the results of the most recent (June 1995) tracer studies. The results are presented in the form of graphs which illustrate the resolution of the various issues in the trial. A more quantitative report will be written when the mathematical analysis of the residence t i e distribution studies is completed at Washington University.
Plant Trial Results
Planning for the trial was discussed in the last report. A series of technique improvements and operating procedures was proposed for the trial based on our previous experience. These issues are discussed below:
a. Calibration ' Seven rings of four detectors were placed on the column. The previous practice was to calibrate the detectors to each other, detector ring by detector ring. No attempt was made to relate the calibration for one ring to that of the another. We requested that all detectors be calibrated on the ground. Unfortunately, for the present time, the results were reported based on the old calibration method. A calibration chart is available for each detector so that the values can be readjusted at a later date. A potential issue is that the response of a detector is related to the length of electric cable attached. Thus, the best calibration results when the detector-cable pair are calibrated together. This will be requested next trial. An example of the problem caused by ring-by-ring post-calibration is shown in Figures 1 and 2 .
Aside from the differences caused by the changes in holdup with height, the radiation level in the column should be equal, and all of the traces should converge to a single point for long periods. As shown in Figure 1 , the final intensity varies over the height of the column. This variation is apparently not correlated to height or holdup profile. As shown in Figure 2 , all of the data converge for a single ring, but the intensity differs greatly for even adjacent rings. As indicated above, the calibration data for each detector exists and, thus, a first-order correction can be made 
b. Gas Recycle
Some unreacted syngas is recycled to the reactor. The recycle stream will contain some of the tracer gas and, thus, cause a second pulse through the column. Preliminary calculations indicated that the residence time in the recycle loop should be 5-10 minutes. It was judged that the system would have returned to baseline bythis time so that the recycle should not affect the initial residence time distribution (RTD) measurements.
As shown in Figure 3, a second peak is seen starting at about 5 minutes after the initial injection. The original radiation pulse shows a return to baseline, confinning the judgment made in the planning process that the recycle would not affect the RTD measurements. The peak is long and extends over a long period, indicating that there is extensive mixing in the recycIe section as anticipated. The detectors immediately above and below the injection point show a sharp spike of radiation immediately after injection. This is an indication that part of the injection is swept upward by upflowing eddy, while part is swept downward by a d o d o w i n g eddy. Note that the upflow pulse is much stronger, as would be expected for the central region where the time-averaged flow is upward.
The time-averaged flow at the wall is downward. As can be seen from Figure 4 , there is a strong pulse down the column for the side injection, indicating the predominance of average down flow at the wall. Only a small amount of material travels up the column, in this case where the tracer is injected at the side of the column. It should be noted that the injectors were fixed to inject horizontally at the wall, not downward as in the previous trial. Thus, we conclude that the tracer experiment provides good evidence of strong downflow at the Wall.
Since there is strong turbulence in the process, sometimes the flow can be seen to be almost evenly split in the pulse up and down the column. This is shown in Figure 8 for a center injection. However, for most liquid tracer runs, the predominant flow is up in the center and down at the wall. This means that the standard one-dimensional dispersion model is not physically based for bubble column flow. Lack of a physical basis implies poor scaleup capability. A new model is being developed by Professor Dudukovic's group at Washington University. A good, sharp initial pulse was obtained. The profiles widen as the radiation pulse moves up the column. A substantial part of the widening takes place before the fist set of rings. As in the last tracer study, this is attributed to some CSTR-like mechanism in the very bottom of the column.
The time-of-arrival of centroid of the pulse increases as it moves up the column. The tirne-ofarrival of the centroid is longer than that expected from a calculation based on the average superficial gas velocity (calculated as t = Ugkg, where Ug is the superficial gas velocity and E is the void fraction). As in the previous tracer study, this is attributed to the solubility of the tracer gas in the process fluid, causing a delay in the time of arrival. Thus, we anticipate that a version of the axial dispersion model that accounts for gas solubility will have to be used for analysis.
